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Abstract. Glacial and periglacial hazards such as ice or rock
avalanches, glacial lake outburst floods, and debris flows
have caused severe damage in populated Alpine mountain
regions throughout history. The objective of this research is
to investigate how risk management methods have evolved
over time and across different countries in the European
Alps. Through a geo-historical study, we compile an inven-
tory of events that have triggered risk management actions
over the past centuries. This management is analysed us-
ing eight guiding pillars: hazard understanding, preventive
information, land-use planning, monitoring and surveillance,
hazard-vulnerability-exposure mitigation, crisis management
preparedness, response, and resilience.

Certain events, such as the discharge of the water pocket
of the Téte Rousse glacier (FR) in 1892 or the collapse of the
Allalin glacier (CH) in 1965, represent key turning points
that mark a shift or renewal in how risks are perceived and
addressed. Today, glacial and periglacial risk management
benefits from a better understanding of both hazards and vul-
nerabilities. Our geo-historical analysis highlights that the in-
clusion of the local populations in crisis management has be-
come an increasingly significant factor in decision-making
processes. However, current risk management practices re-
main limited and would benefit from more participatory ap-
proaches, which in turn partly depend on the perception of
hazards and their integration into management practices.

1 Introduction

Rock and ice mass movements in high mountain areas pose
significant risks to populations and infrastructure. Numerous
past events show how glacial and periglacial processes can
deeply affect Alpine valleys through large-scale and/or cas-
cading phenomena (e.g., Haeberli et al., 2016; Magnin et al.,
2023). Their frequency and volume appear to be increasing
(Ravanel and Deline, 2008, 2015; Jacquemart et al., 2024) as
illustrated by recent disasters in Bondo (Graubiinden, CH) in
August 2017 (Walter et al., 2019), La Bérarde (Isere, FR) in
June 2024 (Mainieri et al., 2025), and Blatten (Valais, CH) in
May 2025 (Biintgen et al., 2025).

This study focuses on major hazards affecting valley
floors: ice, rock, and mixed avalanches, glacial lake outburst
floods (GLOFs) and periglacial debris flows. These hazards
are defined as natural phenomena impacting Alpine territo-
ries (Moles, 1972; Bisquert et al., 2025). A process becomes
a risk when it threatens lives, economic assets, or the envi-
ronment. The notion of an event is useful for historians as it
marks “a cut, a discontinuity”, something “interesting”, suffi-
ciently “important” or “new” to be “told or enacted” (Dosse,
2010; Giacona et al., 2017). Issues are thus the exposed ele-
ments with varying vulnerabilities to each hazard (Defossez
etal., 2018).

Permafrost warming and/or glacial debuttressing are con-
tributing factors to rockfalls and rock avalanches (Fischer
et al., 2006; Gruber and Haeberli, 2007; Huggel et al., 2010;
Fischer et al., 2012). They may directly impact valley areas
or provide material that triggers debris flows (Walter et al.,
2019).
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An ice avalanche occurs when a glacier section detaches
and moves quickly downwards (Alean, 1985; Richard, 2005;
Faillettaz et al., 2015), destroying infrastructure, forests and
lives, as illustrated by the collapse of the Allalin glacier (CH)
onto worker accommodations during the construction of the
Mattmark dam in 1965 (Dalban Canassy et al., 2011). Indi-
rectly, they can trigger snow avalanches (Margreth and Funk,
1999) or debris flows when ice temporarily dams a stream
(Richard, 2005).

GLOFs arise when a glacial lake or another water body
suddenly drains, releasing large volumes of water that can
evolve into debris flows if sufficient amounts of sediment are
available (Richard, 2005; Huss et al., 2007; Carrivick and
Tweed, 2016; Ancey et al., 2019). Their impacts can devas-
tate entire valleys, as seen in the Bagnes valley below the
Giétro glacier (CH) in 1595 and 1818 (Vincent et al., 2010b;
Ancey et al., 2019).

Integrated management of these risks (Prudent-Richard
et al., 2008; Stoffel et al., 2014; Jacquemart et al., 2024) is
essential for prevention because it allows for a holistic, co-
ordinated approach that anticipates, mitigates, and adapts to
complex, interconnected climate and emerging risks before
they escalate into crises. We base our approach on the key
components of risk management: hazard, exposure, and vul-
nerability (Niggli et al., 2024).

The database developed in this study documents glacial
and periglacial events across the European Alps over the
past two centuries that required risk management. Preven-
tion measures from a political perspective are not uniform
across Alpine countries. We have chosen to primarily present
examples from France, Switzerland and Italy. Although Aus-
tria is also cited according to the sources we collected. The
authors acknowledge the limitations of this study, particu-
larly the challenges associated with obtaining comprehensive
data; nevertheless, it is conceived as an exploratory approach.
As such, it may serve as an initial step toward the develop-
ment of a broader collaborative framework. The purpose is
not only to provide a detailed account of the risk manage-
ment measures implemented, but also to assess the frequency
and intensity of such events and to trace historical manage-
ment trends. An historical approach enables the analysis of
change processes in risk management (Giacona et al., 2017,
2019), beyond mere event description (Girard and Riviere-
Honegger, 2015).

We thus seek to understand how Alpine glacial and
periglacial hazards have shaped scientific knowledge and risk
management practices.

The paper first outlines the theoretical and historical
framework of risk management, followed by the methods
used to construct the database and apply the eight pillars of
risk management which we have identified. The results de-
scribe the spatial and temporal distribution of events and cor-
responding management actions. Finally, we discuss the lim-
itations of the data and the challenges of future prevention
under a changing climate.
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2 State of the art and theoretical positioning

The concepts used here require clarification to frame our ap-
proach. A risk refers to the probability of damage result-
ing from interactions between a physical process (the haz-
ard), exposure, and vulnerability (Pigeon, 2002). The haz-
ards we study occur at high altitudes (> 2000-2500 ma.s.l.)
and may reach valley floors, threatening infrastructure, liveli-
hoods, ecosystems, and populations (IPCC, 2023). Mountain
valleys are thus considered vulnerable due to their exposure
to such hazards, a condition reinforced by the concentration
of people and infrastructure, which increases susceptibility
to cascading effects (IPCC, 2023; Niggli et al., 2024). Vul-
nerability also depends on resilience and sensitivity, i.e. the
system’s ability to absorb shocks and the degree of damage
it can sustain Schneiderbauer and Ehrlich, 2004; Defossez
et al., 2018). Exposure reflects the spatial and social proxim-
ity between hazard sources and affected communities (IPCC,
2022).

The continued expansion of urban areas in high Alpine
valleys, driven by tourism and socioeconomic development
(Hock and Rasul, 2022), combined with climate-induced
changes in the cryosphere, increases potential losses (Huggel
et al., 2015) and underscores the need for effective risk man-
agement (Allen et al., 2017). The latter encompasses strate-
gies to anticipate, reduce, and respond to hazards (Leone
et al., 2021) and aims to reduce uncertainty through scien-
tific advances (Margreth et al., 2011, 2017). While compara-
ble to other Alpine hazards, glacial and periglacial processes
evolve rapidly under climate change and can reach extreme
magnitudes (Haeberli et al., 1999; Richard, 2005). Anticipa-
tion remains difficult because these hazards co-evolve with a
rapidly changing cryosphere: glacier retreat, de-icing of rock
faces, permafrost warming and associated slope movements,
formation or disappearance of glacial lakes, and changes in
glacier thermal regimes (Mainieri et al., 2025). High ero-
sion rates in recently deglaciated or warming permafrost ar-
eas further increase debris-flow susceptibility (Huggel et al.,
2015).

As historical experience shows, approaches based solely
on hazard characterisation (Richard, 2005) are necessary but
not sufficient (Allen et al., 2017). Analysing past events im-
proves understanding of processes and supports better risk
mitigation (Carrivick and Tweed, 2016). Rather than compil-
ing exhaustive inventories, this study focuses is on lessons
learned from major events, particularly how societies have
managed risks over time.

Building a historical database requires a diachronic ap-
proach, inspired by diachronic monographs (Girard and
Riviere-Honegger, 2015). This perspective (e.g. Desailly,
1990; Mendez, 2010) uses time to explain current territorial
and risk dynamics. Such an approach allows the identifica-
tion of geohistorical trajectories and rupture points in hazard
evolution (Valette and Carozza, 2019; Hugerot et al., 2021).
We adopt this framework to analyse long-term risk manage-
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ment, local practices, and the evolution of risk culture (Doll-
fus and D’Ercole, 1996). Studies such as Favier (2006) and
Fournier (2010) on avalanches and floods in the Grenoble
basin (FR), or Niggli et al. (2024) on GLOFs, illustrate how
mountain societies have experienced and managed hazards.

Adopting a diachronic perspective also requires care-
ful source selection (biases are discussed in Sect. 5.2).
Archival records complement narrative sources (Fournier,
2010). Since the 19th century, historical reconstructions have
supported risk anticipation. However, exhaustive chronolo-
gies remain unattainable, as many small or frequent events
leave no archival trace (Giacona et al., 2019).

To address this limitation, historical approaches prioritise
the analysis of processes and mechanisms over complete-
ness. Our study thus provides a synthetic view of Alpine risk
management. Similar approaches, such as the temporal anal-
ysis of rockfalls in the Mont-Blanc massif (Ravanel and De-
line, 2008; Ravanel et al., 2020), reveal long-term dynamics.

Long-term monitoring initiatives also demonstrate the sen-
sitivity of mountain environments to climate change, such as
the EU-PACE project (Permafrost and Climate in Europe),
which highlights the role of permafrost in slope stability and
geohazards (Harris et al., 2001; Etzelmiiller et al., 2020).

3 Construction of the database

3.1 Inventory of major glacial and periglacial events in
the Alps

3.1.1 Ciriteria used to identify events to be included in
the database

Building a comprehensive long-term database is challeng-
ing as data availability before the 20th century largely de-
pends on societal vulnerability and record-keeping (Giacona
et al., 2019).

We adopted a qualitative approach, retaining events that
significantly marked local history or the environment, liv-
ing traces in archives or collective memory. Our criteria are
grouped into four categories.

Extreme events

We focused on rare, high-magnitude events exceeding sev-
eral thousand cubic metres or causing serious damage (Bour-
relier and Dunglas, 2009; Field et al., 2012). Quantitatively,
these correspond to the upper end of the frequency—intensity
spectrum.

Events with feedback

We include events that led to in-depth post-event analyses
aimed at improving process understanding, beyond simple
observation (e.g. the Giétro glacier collapse in 1818; Wie-
gandt and Lugon, 2008).
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Repeated events

We consider events repeatedly occurring within the same wa-
tershed, focusing on major one. For example, the Bockkar-
kees hanging glacier (AT) has produced > 70 ice avalanches
since 1933, including events reaching 5 x 10®m?> in 1945
and 2-3 x 10°m3 in 1964 and 1975 (Gridabase — Glaciorisk,
2025; Kellerer-Pirklbauer et al., 2012).

Change in risk perception

Events that significantly influenced risk perception are in-
cluded, even if they do not meet the previous criteria. Risk
culture varies across Alpine countries and is shaped by his-
torical events. Event memory differs by context, making risk
perception a social and political issue. The Mattmark disaster
marked a major policy shift, moving away from the legally
criticized notion that natural hazards are inherently unpre-
dictable toward a more predictive approach to hazard analy-
sis, as reflected in the Federal Government’s establishment
of a glacier hazard working group (Capozzi, 2011; Joris,
2025). Similarly, the Téte Rousse disaster (FR) established in
France the idea of glaciers as internal, hidden, yet predictable
hazards (Vincent et al., 2010a). The Marmolada glacier (IT)
collapse in 2022 (Francese et al., 2024), although limited to
high-altitude impacts, caused 11 fatalities and strongly influ-
enced public opinion, highlighting the need to better iden-
tify glacial hazards (Chiarle et al., 2022). It also led to the
creation of a national working group and the publication of
guidelines (Dipartimento della Protezione Civile, 2025).

We initially intended to start our inventory in 1985-1990,
marking the first visible signs of the climate crisis in the
Alps (Ravanel, 2009; Ravanel et al., 2020), up to 2025. How-
ever, earlier key events such as the 1892 Téte Rousse outburst
(Mougin et Bernard, 1922) were too significant to omit. We
therefore extended the analysis back to the early 19th cen-
tury, where reliable sources exist.

For each event, we collected the following data: loca-
tion (country, region, mountain range, orientation, glacier or
summit name), rupture date(s), causes, mobilised volumes,
runout distance, cascading effects, damage and casualties,
monitoring methods, crisis management, and sources.

This method was applied to three hazard types: ice
avalanches, torrential hazards (including GLOFs and debris
flows), and rockfalls/rock-ice avalanches.

For cascading processes, we record the most impactful
downstream process. For example, if a serac fall triggers
lake overflow, the torrential process is retained. If permafrost
degradation destabilises a moraine dam, we document the re-
sulting breach and downstream propagation.

3.1.2 Data sources

We used the Gridabase inventory produced as part of the
European research project (“Gridabase — Glaciorisk™, s. d.,
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2001-2003). This database compiles 501 documented events
across Austria, France, Italy, and Switzerland, including
floods, GLOFs, and ice avalanches (Richard, 2005). The aim
of Gridabase was to preserve as comprehensively as possible
the memory and trace of glacial events (Peissier and Cour-
tray, 2012), including those of modest importance (excluded
here according to our criteria). However, investigations ini-
tiated by the Swiss Parliament highlighted that changing en-
vironmental conditions exceeded historical empirical refer-
ences, requiring broader system assessments (Rickenmann
and Zimmermann, 1993). Gridabase therefore presents a ret-
rospective and partial perspective, which we accounted for
in our analysis. In addition, for Italian Alps, we used the
GeoClimAlp cartographic inventory (Nigrelli et al., 2024;
GeoClimAlp, 2026), which contains > 700 mass move-
ments > 1500 ma.s.l. between 2000 and 2022.

Other sources include local databases such as the RTM
Database or the regional Catasto Dissesti. The former is a
French database developed by the Restauration des Terrains
de Montagne (RTM) public service of the Office National
des Foréts. Since the late 19th century, it has recorded a wide
range of geomorphic processes, including avalanches, gully
erosion, subsidence, landslides, rockfalls and debris flows
(Bisquert et al., 2025). The Catasto Dissesti is a regional
mapped inventory of hydrogeological and gravitational phe-
nomena in Aosta Valley, enriched since the 1990s and regu-
larly updated for risk prevention (Giardino et al., 2010). We
retained from both databases glacial and periglacial events,
including rock glacier ruptures, permafrost-related rockfalls
and debris flows generated by cascading processes.

The RTM has also produced numerous technical reports on
glacial and periglacial events. These documents, sometimes,
unpublished, describes causes, trajectories, volumes, dam-
age, and process histories within catchment. They also doc-
ument risk management actions, from modelling and early
warning to operational interventions (e.g. Patinoire lake in
1964; Etangons torrent in 2024 (Cathala et al., 2021; Demo-
lis et al., 2021; Mainieri et al., 2025)) and crisis manage-
ment through operational measures (e.g. artificial draining of
Rochemelon lake, FR, in 2005 (Vincent et al., 2010b; Cathala
et al., 2021)).

Many events documented by Swiss authorities were also
included, such as the flood protection measures implemented
at the Gruben glacier (Haeberli et al., 2001).

Scientific papers constitute a major part of our dataset, pro-
viding detailed analyses of hazard mechanisms and manage-
ment strategies. Individual events are often studied by mul-
tiple teams using complementary approaches. The Whymper
hanging glacier and the Planpincieux glacier (IT) illustrate
this: studies address monitoring systems, rupture scenarios,
hazard assessment, and evacuation strategies (Margreth and
Funk, 1999; Margreth et al., 2011; Schindelegger, 2019; De-
matteis et al., 2021; Troilo et al., 2025).
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The inventories of Chiarle et al. (2007, 2022), Jacquemart
et al. (2024), and Niggli et al. (2024) were used to cross-
check and validate our dataset.

Ministerial reports (e.g. Lacroix et al., 2022), the study of
Magnin et al. (2023), and output from the Pdle Alpin des
Risques Naturels (PARN), provide insights into how Alpine
countries manage glacial and periglacial risks. They doc-
ument research projects, monitoring strategies, prevention
measures, and crisis management practices (e.g. Glaciorisk,
PERMAdataROC, PermaNET, GlariskAlp, GLAMOS, PER-
MOS, Prevrisk-CC, PermaRisk, SAMCO, etc.). The PAPROG
initiative fosters multidisciplinary collaboration between re-
searchers and practitioners to improve knowledge and man-
agement of glacial risks. Similarly, GEORESEARCH, coor-
dinates projects on monitoring, cryospheric dynamics, and
quantitative risk analysis in the Alps (FROST.INI, Future-
lakes, GlacierRocks, AlpSenseRely, etc.).

The World Glacier Monitoring Service (WGMS) provides
global data on glacier fluctuations (1959-2010), including
notable hazard events.

Finally, the local press provides insights into the societal
impact of mass movements and associated management re-
sponses. However, this source requires careful critical inter-
pretation, as it may reflect biases and lack technical accuracy
(Joffe and Orfali, 2005). Despite these limitations, it remains
valuable for analysing societal risk perception.

3.2 Types of glacial and periglacial risk management
3.2.1 Definition of the eight pillars of risk management

Based on Alpine risk management systems (from local to na-
tional levels) and scientific literature, Kienholz et al. (2004)
and Link and Stotter (2015) developed a classification of
risk prevention and management methods. More recently, the
Risk Management Cycle (RMC) — or Disaster Risk Manage-
ment (DRM) — has been conceptualised. It encompasses all
policies, strategies, and actions aimed at preventing, reduc-
ing, and managing disaster risks, as well as preparing for,
responding to, and recovering from their impacts (Tagarev
et al., 2021). In Switzerland and Nordic countries, since the
1980s, natural hazard management has followed the prin-
ciples of “Risk Minimisation” and “Integral Risk Manage-
ment” (Nyberg et al., 2026), which aim to reduce risks to ac-
ceptable levels through assessment, prevention, mitigation,
and preparedness, rather than eliminate them. Post-crisis
phases focus on learning to improve future measures.

In France, similar principles are embedded in public pol-
icy and summarized by the PARN for glacial and periglacial
risk prevention (Boudieres and Peisser, 2013). In Italy, the
Dipartimento della Protezione Civile (2025) has produced
a methodological framework defining objectives for under-
standing glacial and periglacial phenomena. It outlines key
pillars such as monitoring, public information, and crisis re-
silience.
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All these principles were used to classify the management
strategies identified in our database.

Pillar 1: Hazards, phenomena, and risks understanding

This pillar improves knowledge through past-events analysis,
archives, monitoring, modelling, and experience feedback
(Villeneuve et al., 2010; Faillettaz et al., 2015). It includes
inventories and vulnerability assessments (e.g. GlaRiskAlp
project; (Lucchesi et al., 2014; Nigrelli et al., 2013). Within
DRM, this corresponds to risk identification and prepared-
ness (Tagarev et al., 2021).

Pillar 2: Preventive information

This pillar promotes risk culture through public information
and education (Beccera and Peltier, 2011), enabling citizens
to actively contribute to preparedness and crisis response
(OECD, 2018).

Pillar 3: Integration into land-use planning

Risk is integrated into planning tools such as hazard maps
and preventive plans to reduce exposure and vulnerability
(Schneiderbauer and Ehrlich, 2004). These tools combine
modelling and spatial analysis to support decision-making
(Allen et al., 2022).

Pillar 4: Monitoring and surveillance

Monitoring at-risk sites (cf.: Pillar 1) enables early detec-
tion and warning (Giordan et al., 2020; Cathala et al., 2024),
supporting emergency preparedness. For example, Gornersee
lake (CH) is monitored using cameras, depth measurements,
and seismic sensors to anticipate GLOF hazards (WGMS,
1993; Huss et al., 2007). In Italy, glaciers such as Freney,
Brenva, Grandes Jorasses, and Planpincieux are monitored
using time-lapse imagery to assess flow velocity (Dematteis
et al., 2024). Satellite observations complement field mon-
itoring, especially for remote or large-scale events, though
in the Alps they are often used post-event to analyse pro-
cesses (e.g. Marmolada glacier collapse in 2022; (Bondesan
and Francese, 2023; Olivieri and Bettanini, 2023; Francese
et al., 2024) or to monitor supraglacial lakes hazards (e.g.
Lys glacier or the Forni glacier, IT; (Davide et al., 2021;
Fugazza et al., 2018). However, field-based observation re-
mains central in the Alpine context. Field observations and
human-based warning systems remain central, including ob-
server networks such as “Regards d’Altitude” (ONF-RTM,
2025).

Pillar 5: Reducing hazard, exposure, and vulnerability
This central pillar in risk/disaster risk management encom-

passes measures aimed at reducing three interconnected
components of risk: hazard, exposure, and vulnerability.

https://doi.org/10.5194/nhess-26-2955-2026

These three components are addressed together here because,
in practice, risk managers and decision-makers rarely operate
by formally distinguishing between them. Mitigation strate-
gies typically combine technical interventions and commu-
nity capacity-building within integrated action plans. Arti-
ficially separating them would not reflect the reality of op-
erational risk management. This is also consistent with the
approach taken in this study, where the analysed policies and
measures were designed and implemented in an integrated
manner, making it difficult to disentangle the contribution of
each component independently.

In mountain contexts specifically, hazards can almost
never be fully avoided; the focus therefore lies on limiting
their frequency, magnitude, or spatial extent (at the source
or along their path). Mitigation measures are commonly di-
vided into two broad categories. Structural (or engineer-
ing) measures involve physical interventions. Non-structural
measures include early warning systems, evacuation proto-
cols, risk communication for examples. Together, these mea-
sures aim to reduce potential damage by acting on the hazard
itself, on the elements exposed to it, or on the ability of com-
munities and systems to cope with and recover from adverse
events (Vincent et al., 2010b; Tagarev et al., 2021).

For GLOFs, measures include drainage, water-level regu-
lation, and structural stabilisation (Niggli et al., 2024). Expo-
sure is reduced through channel management and protective
structures, while vulnerability is lowered by improving pre-
paredness and response capacities.

Pillar 6: Crisis management preparedness

This pillar corresponds to measures taken to improve re-
sponse capacity (Tagarev et al., 2021). It includes plan-
ning, training, and coordination measures implemented be-
fore crises, such as contingency plans, simulations, and risk
integration into training (Einhorn and Peisser, 2011; Link and
Stotter, 2015).

Pillar 7: Response

Response refers to immediate actions during or after an event
to manage impacts, save lives, and ensure safety (OECD,
2018). It includes emergency assistance and implementation
of crisis plans (Tagarev et al., 2021).

Pillar 8: Resilience

Resilience is defined as a system’s ability to absorb shocks
and recover, involving resistance, adaptation, and reorganisa-
tion (Reghezza et al., 2006; Dauphiné and Provitolo, 2013).
The objective is not full recovery but achieving a new ac-
ceptable equilibrium (Einhorn, 2017). This phase also pro-
vides opportunities to improve future risk reduction mea-
sures (Tagarev et al., 2021).

Nat. Hazards Earth Syst. Sci., 26, 2955-2973, 2026
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Figure 1. Distribution of major glacial and periglacial events inventoried in the Alps. Maps data: ©European Space Agency (2024). Coper-
nicus Global Digital Elevation Model. Distributed by OpenTopography.

3.2.2 Distribution of events according to the eight
pillars typology

Once the typology has been established, each event was as-
signed to the relevant management pillars mobilised in re-
sponse. Events were then grouped by decade (or by 5-year
intervals for rock hazards) to improve temporal readabil-
ity. This approach highlights changes in management prac-
tices over time while limiting visual discontinuities associ-
ated with rare events.
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4 Results

This study identifies 200 glacial and periglacial events across
109 Alpine catchment areas in France, Switzerland, Italy, and
Austria. These events were selected based on their magni-
tude, impacts, or influence on the evolution of glacial and
periglacial risk management practices.

4.1 Spatial and temporal distribution of the events

Distribution of the events across the Alps

The spatial distribution of events (Fig. 1) shows a marked
concentration in certain areas, highlighting particularly ex-
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Figure 2. Cumulative frequencies of inventoried glacial and periglacial events requiring risk management in the Alps.

posed or dynamically active zones. The Mont-Blanc massif
(mainly its French and Italian sides) clearly emerges as the
most densely affected area, across all hazard types. It is fol-
lowed by the Valais Alps (CH). GLOFs are also more fre-
quent in the western Alps.

The western Alps high elevations, steep slopes, and exten-
sive glacier cover, making them particularly prone to mass
movements. The Mont-Blanc massif and the Valais Alps are
among the most monitored and instrumented regions, which
may introduce a “visibility bias” (cf. Sect. 5.2). High popula-
tion density and tourism further enhance event detection and
documentation, potentially amplifying their perceived signif-
icance.

Figure 1 presents major events that occurred between the
17th century and today, revealing the long-term dynamics of
these hazards. They are not isolated events but part of long-
term, sometimes recurring trajectories. This representation
shows that multiple hazard types coexist within the same
Alpine massifs, increasing the complexity of risk manage-
ment.

4.2 Distribution of management pillars over time

4.2.1 Phenomena intensification

Keeping in mind potential source and event biases (cf.
Sect. 5), we nevertheless observe an intensification of haz-
ardous glacial and periglacial events since the 1980s across
all Alpine countries (Fig. 2). This trend is based solely on
events that required risk management and contributed to haz-
ard understanding.

4.2.2 Evolution over time of the pillars used

This section examines how risk management and prevention
methods have evolved over time through significant glacial
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or periglacial events. Events are analysed according to the
management pillars mobilised at the time.

For the three types of events, Pillars 2 (Preventive informa-
tion) and 3 (Land use planning) appear only from the 1990s
onward, while Pillar 6 (Crisis preparedness) has been imple-
mented more recently. Pillar 1 (Hazard understanding) re-
mains the most consistently used. It also continues to be ap-
plied retrospectively, as past events are reanalysed to improve
risk knowledge.

The evolution over time of risk management associated
with major ice avalanche events in the Alps is presented
in Fig. 3. The graph shows two main phases: a long period
(1597-1950) dominated almost exclusively by Pillar 1 (Un-
derstanding hazard), followed by a gradual and accelerating
diversification of management approaches from the 1950s
and 1960s onwards.

The Altels ice avalanche (CH) in 1895 marked a turn-
ing point in the recognition of the need to understand high-
altitude hazards. This avalanche was of exceptional size, with
4 % 10°m? of ice breaking away, killing six people and bury-
ing 170 cattle over an area of 1 km? (Du Pasquier, 1896).
For a long time, this event served as a benchmark for ice
avalanches. “To what extent can we predict such disasters,
and to what degree will we be able to prevent them from hap-
pening again? Many Alpine glaciers give rise to avalanches
or ruinous debacles. (...) The same glaciers periodically
give rise to the same phenomena, so it is above all empiri-
cal knowledge of these phenomena that we need to acquire.
(-..) An accurate knowledge of the dangerous points and
the phenomena that occur there is absolutely necessary. The
era of independent personal research is over; it has produced
all it could in this field (...). What is needed now is more
coordination, more method, more consistency in research”
(Du Pasquier, 1896).
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Figure 3. Temporal evolution of ice avalanche risk management in the Alps.

The predominance of Pillar 1 over several centuries should
not be interpreted as a lack of institutional response to glacial
and periglacial hazards. It rather reflects the fact that, within
the epistemic and institutional context of the time, the pro-
duction of knowledge and the documentation of phenom-
ena constituted the primary and legitimate form of risk man-
agement. At that time, management was largely confined
to the academic sphere (naturalists, cartographers, scientific
academies), long before it became integrated into engineer-
ing and spatial planning. This observation suggests that con-
temporary categories of risk management should not be ret-
rospectively applied to these periods. If preventive infor-
mation (Pillar 2) appears late, this indicates that decision-
makers only gradually began to communicate simplified risk
information to exposed populations. This development is
closely linked to the emergence of crisis preparedness (Pil-
lar 6). It also raises the question of the role assigned to local
communities in risk management, which has long remained
expert-driven, with limited structured communication with
residents. The example of the Val Ferret (IT), where the ter-
minal tongue of the Planpincieux glacier has been monitored
since 2014, illustrates this evolution. Monitoring is coupled
with rapid civil protection responses and public information
measures (Giordan et al., 2020; Dematteis et al., 2024). The
aim is to continuously track glacier dynamics, and detect in-
stability, and activate procedures such as road closures or vil-
lage evacuation.

This study also integrates avalanche hazard maps, such
as the Carte de Localisation des Phénomenes d’Avalanche
(CLPA; Avalanche Phenomenon Location Maps) in France,
Catasto valanghe in Aosta valley (Italy), Indication of
avalanche hazards (ATH) for Switzerland, Wildbach und
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Lawinenverbauung (WLV) for Austria, into land-use plan-
ning (Pillar 3), even though they primarily address snow
avalanches. These maps first emerged in the 1970s, but
events such as those at the Bourgeat glacier (FR) in 1984 and
1993 show that ice avalanches can trigger snow avalanches
(RTM-ONF, 2000). We therefore consider these mapping
tools as addressing combined snow-ice hazards.

The evolution over time of risk management for major
rockfall and rock avalanche events in the Alps is presented
in Fig. 4. It is divided into five-year intervals to better high-
light recent dynamics, as most rockfall events have occurred
since 1980.

The reduction in vulnerability, exposure, and hazard (Pil-
lar 5) is particularly evident in these events. For exam-
ple, the 1987 Val Pola rockslide (CH; 30 x 10°m?) in-
volved preventive evacuation, illustrating proactive risk man-
agement (Chardon, 1990). In 2011, at Piz Cengalo/Bondo
(1.5 x 10° m3), preventive measures included public alerts,
trail closures, evacuation of alpine buildings, and installation
of protective structures (Bohnenblust, 2017).

Monitoring unstable rock faces is a key management tool
(Pillar 4). Initially sporadic (1940-1944), it became more
systematic from the mid-1980s. Its increasing prominence
in recent years (especially 2020-2024) reflects growing in-
vestment in instrumental monitoring systems, driven by both
the perceived intensification of hazards and advances in mea-
surement technologies. Since 1986, the eastern face of Monte
Rosa (IT) has been regularly monitored due to increasing
mass movements (Fischer et al., 2006). Other emblematic
sites have since been equipped, including Aiguille du Midi
(FR) since 2005, the Matterhorn south face (IT) and Les Drus
(FR) since 2007.
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Figure 4. Temporal evolution of risk management for rockfalls/rock avalanches.
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Figure 5. Temporal evolution of risk management for Glacial Lake Outburst Floods.
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Finally, projects such as the EU AlpinSpace PermaNET
program and the PACE project have contributed to structur-
ing knowledge on Alpine permafrost, through harmonised
datasets and coordinated monitoring across the Alps (Harris
et al., 2001; Mair et al., 2011).

The evolution over time of risk management for major
GLOF events in the Alps is presented in Fig. 5. Unlike other
hazards, GLOFs are documented as early as the 16th century,
reflecting their high visibility and destructing impacts in pop-
ulated valleys. Their severity ensured systematic recording in
administrative and local archives, especially as their transfor-
mation into debris flows amplifies downstream damage. The
Bagnes valley and the Giétro glacier, for example, generated
extensive records from the 16th century onwards due to the
scale of the destruction (Ancey et al., 2019).

The period 1850-1889 is absent from the graph, which is
paradoxical from a climatic perspective. Although post-Little
Ice Age warming favoured lake formation and potentially in-
creased GLOF occurrence, this gap likely reflects missing
data rather than reduced activity.

Efforts to reduce vulnerability and exposure appear ear-
lier for GLOFs than for other hazards. Efforts to reduce
vulnerability and exposure appear earlier for GLOFs than
for other hazards. Early responses relied on direct engi-
neering interventions (drainage, tunnels, dykes) in densely
populated valleys, preceding formalised risk management
frameworks. This reflects a pragmatic, engineering-driven
approach shaped by local socio-economic constraints. Thus,
from the late 16th century, recurrent outbursts of the
Margherita glacial lake (Rutor glacier, IT) prompted stud-
ies commissioned by the Duke of Savoy (12 events between
1430 and 1680; discharge of 5 x 10°m? in 1751). Techni-
cal solutions such as dam and drainage tunnels were already
considered in the 19th century (Vergnano et al., 2023).

Another notable example is the Giétro glacier event in
1818. A tunnel was constructed to drain the ice-dammed
lake, thereby reducing the magnitude of the floods and pre-
venting major downstream damage (Wiegandt and Lugon,
2008). Also, at the foot of the Gruben Glacier, flood preven-
tion work was carried out at two lakes after the 1970 out-
burst. For the proglacial lakes, the moraine dams were rein-
forced with concrete injections; and the thermokarst lake was
drained through an artificial channel in 1995 (Haeberli et al.,
2001).

These recurrent events progressively led to diversified
measures, including dykes, dams, storage basins, subglacial
drilling, siphoning, lake drainage, and moraine stabilisation,
as well as warning systems. In parallel, glacier monitor-
ing became increasingly formalised, notably through pho-
togrammetric surveys of the Vernagtferner (AU), one of the
best-documented glaciers due to its frequent GLOFs, the
most notable of which dates back to 1848 (Braun, 1995;
Gridabase — Glaciorisk, s. d.).

However, the integration of populations through preven-
tive information is more recent. For instance, the 1986 Arsine
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proglacial lake case (FR) marked one of the first instances
where scientific warning led to coordinated crisis prepared-
ness involving local populations (Laily and Demolis, 2019).

4.2.3 Disruptive events that have improved the glacial
and periglacial risk management and
understanding

The construction of a timeline tracing risk management re-
sponses to past events has enabled the identification of key
turning points marking disruptions and/or the emergence of
new approaches. Selected examples correspond to first docu-
mented implementations of new management practices (pre-
diction, monitoring, mitigation, and coordinated crisis re-
sponse).

Scale change

Risk management has shifted from local (village-scale) re-
sponses to national frameworks. The Giétro glacier disaster
in 1818 illustrates this transition (Ancey et al., 2019). At that
time, glaciology was still emerging, yet the event demon-
strated that improved process understanding could support
more effective interventions. Scientific advances progres-
sively supported the development of preventive measures and
favoured the emergence of regional and national policies, re-
placing earlier reactive local approaches (Wiegandt and Lu-
gon, 2008). The disaster also marked a shift in risk percep-
tion, as hazards began to be understood as natural processes
rather than divine punishment (Carrivick and Tweed, 2016).

Monitoring and surveillance

The first known glacier inventory in the Alps dates back to
the late 19th century (Vernagtferner), an area characterised
by frequent GLOFs over the past 400 years (Hoinkes, 1969).
Systematic photogrammetric surveys over a century enabled
the first detailed analyses of glacier dynamics (Braun, 1995).
Monitoring intensified during the 20th century; the Giétro
glacier has been monitored since the 1960s, including mea-
surements of flow velocity, structure, and mass balance.
More recently, heavily instrumented sites such as the Matter-
horn have integrated multi-sensor monitoring systems (We-
ber et al., 2025) following recurrent instabilities (Occhiena
and Pirulli, 2012).

Multidisciplinary network

The 1892 Téte Rousse disaster was a foundational event in
glacier risk management. The debris flow has affected sev-
eral villages downstream, causing 175 victims (Mougin and
Bernard, 1922; Cauliez, 2024). It led to the formation of
multidisciplinary teams combining engineers, glaciologists,
and foresters to investigate causes and implement mitigation
measures (Marco et al., 2012; Sirop et al., 2022).
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Similarly, the 1965 Allalin glacier collapse at Mattmark
(88 fatalities; Vivian, 1966) triggered coordinated scientific
and engineering responses (Dalban Canassy et al., 2011).
This led to the creation of a national working group on
glacier hazards in Switzerland and the development of sys-
tematic hazard assessment methods (Haeberli, 1983; Hae-
berli et al., 2004). A coalition of scientists has irrevocably ad-
vanced the understanding of the mechanism of phased glacial
rupture and sparked discussion on practical methods of risk
assessment at the international level (Huggel et al., 2004).

The Rochemelon lake case further illustrates this co-
ordination. Cross-border collaboration enabled monitoring,
risk assessment, public warning, and controlled drainage of
the lake (Vincent et al., 2010b). This case highlighted the
need for continuity between scientific knowledge, decision-
making, and operational action (Marco et al., 2012, unpub-
lished).

Reduction of exposure and vulnerability (evacuations,
works, etc.)

The first known organised evacuations for gravitational haz-
ards occurred in 1987 (Val Pola rockslide; 30 x 100 m3;
Dramis et al., 1995). Early warnings based on slope insta-
bility enabled preventive evacuation (Chardon, 1990). For
glacial hazards, evacuations such as Planpincieux (1997)
were based on scenario modelling and monitoring data (Mar-
greth and Funk, 1999; Margreth et al., 2011). These ap-
proaches marked the emergence of anticipatory risk manage-
ment. Engineering measures also developed, as illustrated by
the Belvedere glacier (IT) and the Effimero lake crisis (2002),
where combined strategies (monitoring, mapping, evacuation
planning, and artificial drainage) were implemented (Hae-
berli et al., 2002).

Predictive study

In 1973, the first successful glacier collapse prediction was
achieved at Weisshorn (CH) (Rothlisberger, 1981). Scientists
observed an acceleration of the upper part of the glacier, ac-
companied by warnings from local mountain guides (Fail-
lettaz and Funk, 2013). Subsequent advances enabled short-
term predictions based on displacement monitoring, such as
the Whymper glacier collapse forecast 10d in advance (Fail-
lettaz et al., 2016). Authorities adapted responses accord-
ingly, restricting access while avoiding unnecessary evacu-
ation. These decisions increasingly relied on modelling and
scenario-based approaches (Schindelegger, 2019).

These developments are part of broader research pro-
grammes (e.g. Glaciorisk, PERMAdataROC, GlariskAlp,
PAPROG), aimed at improving hazard understanding and
management.
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Institutional risk understanding

Swiss National Research Programmes (NRPs), significantly
contributed to the institutionalisation of risk knowledge.
Projects under NRP 31, 48, and 61 advanced understanding
of climate-driven hazards, spatial planning tools, and emerg-
ing glacial lakes (Haeberli et al., 1999, 2016; Rothenbiihler,
2006). More broadly, Alpine risk management has evolved
from “hazard protection” to “hazard management” and ulti-
mately to “risk management” (Link and Stétter, 2015).

Before 1950, strategies focused on structural protec-
tion (protective works) and exposure reduction (legislation).
There are numerous traces of such works in 19th century
archives. For example, galleries were excavated within the
ice of the Allalingletscher glacier in 1834 to lower the level
of its lake (dammed by the glacier tongue) and reduce the
already high frequency of ice break-offs (Mariétan, 1959).
Between 1589 and 1850, documents report 26 major sudden
outburst events (Raymond et al., 2003).

After 1950, improved process understanding led to haz-
ard mapping (Link and Stotter, 2015) and probabilistic ap-
proaches; this was the age of hazard management.

Since the late 20th century, risk management has adopted
a holistic perspective (Link and Stétter, 2015), integrating
vulnerability and risk acceptance. Before the 2000s, hazard
management was considered in response to an event. Re-
cent approaches increasingly consider cascading processes
(e.g. Evans et al., 2009) and multiple scenarios, reflecting
the growing complexity of cryospheric hazards under climate
change (Allen et al., 2022).

Historically, the scope of hazard assessment has pro-
gressively expanded from glacier-related processes to in-
clude permafrost degradation and emerging landforms such
as proglacial lakes. Current frameworks now adopt inte-
grated, forward-looking approaches that account for long-
term cryosphere evolution and cascading risks (Allen et al.,
2017).

4.2.4 Proactive vs. reactive management

Our typology of glacial and periglacial risk management dis-
tinguishes between proactive and reactive approaches. Man-
agement is considered proactive when it relies on anticipa-
tory measures to prevent potential risks. Within the Disaster
Risk Management (DRM) framework, prevention, mitigation
(including spatial planning, protection measures), long-term
adaptation to natural and socioeconomic changes, and the de-
velopment of response and recovery capacities are all proac-
tive strategies (Tagarev et al., 2021).

Management is reactive when it occurs during or after an
event, aiming to manage the emergency, analyse impacts,
and improve future risk reduction measures (Tagarev et al.,
2021).

The different principles of glacial and periglacial hazards
management can operate independently but are often com-
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bined. For instance, Monitoring and Surveillance (Pillar 4) is
frequently coupled with Exposure, Vulnerability or Hazard
Mitigation (Pillar 5).

Regarding torrential hazards associated with glacial lakes,
a proactive example is the 1985 warming on the Ar-
sine proglacial lake, which led to partial artificial drainage
(Peissier and Courtray, 2012). Similarly, an early warning
system installed in 2008 at the Grindelwaldgletscher glacial
lake (CH) based on pressure sensors, enabled automatic
alerts and proved effective during a drainage event (Bauder,
2017). Or the artificial lowering of the water level of Lake
delle Locce and the construction of dams on the main torrent
downstream of the Belvedere Glacier (Haeberli and Epifani,
1986).

Conversely, the 1964 overflow of the Patinoire lake (FR),
which caused damage downstream as far as the village of
Pralognan, prompted a reactive response. Post-event analy-
ses included field surveys, susceptibility studies, and impact
modelling, leading to its later designation as a priority moni-
toring site (Cathala et al., 2021).

The Whymper hanging glacier illustrates proactive man-
agement: in 1997, displacement measurements enabled pre-
diction of an imminent collapse, prompting evacuation of
Planpincieux (Margreth and Funk, 1999). Continuous mon-
itoring and preparedness measures have since been imple-
mented (Faillettaz et al., 2015, 2016). Similarly, the Forni
glacier is monitored using satellite and terrestrial laser scan-
ning to detect instabilities (Fugazza et al., 2018).

In contrast, the 1965 Mattmark disaster (Allalin glacier)
exemplifies reactive management. Authorities focused on
emergency response and post-event investigation. The event
later triggered political debate and highlighted the limits of
predictability at the time (Ricciardi, 2016).

For rock avalanches, the Piz Cengalo case illustrates the
transition from reactive to proactive management. Following
a first event in 2011, monitoring systems and protective in-
frastructure were implemented (Walter et al., 2019). These
included a storage basin, protective barriers, and early warn-
ing systems enabling rapid evacuation (Bohnenblust, 2017).
Legal proceedings are still ongoing regarding the safety pre-
cautions taken prior to the event (Joris, 2025).

In 2017, a major rock avalanche and subsequent debris
flows (3.1 x 10° m3 ) affected the Val Bondasca. Despite un-
derestimation of flow magnitude, early warning systems and
protective measures significantly reduced damage (OECD,
2018). This case demonstrates the effectiveness of combining
past-event analysis, monitoring, and preparedness, although
some casualties still occurred (Walter et al., 2019).
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5 Discussions

5.1 Cascading processes affecting increasingly
vulnerable populations

As shown by the events documented in this study, chain re-
actions in glacial and periglacial environments tend to am-
plify beyond their initial triggering processes (OECD, 2018;
Jacquemart et al., 2024), posing increasing challenges for
risk management. This trend is closely linked to rising ex-
posure in Alpine region. Mountain valleys have experienced
significant urbanisation and infrastructure development in re-
cent decades, increasing pressure on historically exposed ar-
eas (Hock and Rasul, 2022). This growing exposure is com-
pounded by systemic vulnerability due to infrastructure in-
terdependence: the destruction of a road, bridge, or energy
network during a cascading event can isolate communities
and hinder response capacities, as illustrated by La Bérarde
in 2024 (Blanc et al., 2024). Risk management systems have
long treated hazards separately, but this segmented approach
is increasingly inadequate for complex, interacting phenom-
ena affecting multiple components of populated territories.
There is therefore a need for integrated and future/scenario-
based approaches (Allen et al., 2017, 2022) that model pro-
cess interactions while accounting for the spatial distribution
of populations and infrastructure (Tacnet et al., 2010; Ny-
berg et al., 2026). These challenges are further intensified by
climate change, which increases the likelihood of cascading
processes in densely populated Alpine valleys.

5.2 Biases linked to difficulties in compiling an
exhaustive inventory of events

Compiling an inventory that aims to be exhaustive according
to defined selection criteria entails limitations and requires
contextualisation of each event.

5.2.1 The data source effect

The apparent increase in events over time partly reflects bi-
ases related to data availability (e.g. Giacona et al., 2017).
This data source effect is closely linked to the nature and
distribution of information sources. As Giacona et al. (2019)
notes, the spatial and temporal distribution of events depends
strongly on the structure of the documentary corpus. Each
recorded event therefore depends on the quality and diver-
sity of available sources. Scarcity of historical records limits
traceability in earlier periods, whereas recent data abundance
increases event detection.

The data source effect thus requires careful consideration
of variations in documentation volume. For instance, techno-
logical advances such as webcam monitoring (e.g. Gorner-
gletscher) generate continuous and detailed observations, in-
creasing the number of recorded events (Huss et al., 2007).
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5.2.2 Land use and the event prism

The presence or absence of sources is also influenced by hu-
man occupation. The growing presence of people in high
mountains — through mountaineering (Mourey et al., 2023)
and valley urbanisation (Vannier et al., 2016) — has sig-
nificantly increased observation capacity. Conversely, aban-
doned settlements and pastures were once important wit-
nesses to past hazards.

Even when hazards occur, their recognition depends on
societal perception. An event may remain unrecorded if it
is not perceived as significant. As Giacona et al. (2019) ar-
gues, an event gains social existence only when it is per-
ceived as a disruption. Risk perception evolves over time
and is shaped by collective experience, knowledge, and so-
cial context (Granet-Abisset, 2012). Increasing attention to
high-mountain hazards also reflects rising societal expecta-
tions for safety and accountability, which in turn drive the
production and diversification of information sources.

5.3 Resilience and response as late-developed concepts
rather than absent practices

The emergence of Pillar 8 (Resilience) from the 1980s—90s
onwards, and its consolidation after 2000, should be inter-
preted cautiously. It does not indicate a prior absence of re-
silience from Alpine communities, but rather the late insti-
tutionalisation of the concept in scientific and policy frame-
works. Post-event reconstruction dynamics existed well be-
fore this period, but were not conceptualised within this
framework, introducing an interpretative bias in diachronic
analysis.

Similarly, Pillar 7 (Response) appears from the 1950s
and remains present thereafter, without becoming domi-
nant. Its consistent but limited representation suggests that
emergency response has always existed but is less doc-
umented due to lower formalisation, leading to potential
under-representation in the database.

The use of a ninth separate pillar representing “Experience
feedback” was considered, since the experience gained from
an event enables a “structured process of capitalising on and
utilising knowledge resulting from the analysis of positive
and/or negative events” (Villeneuve et al., 2010).

Feedback is the very condition for an event’s existence in
archives: its narration and memory make it historically visi-
ble. It therefore applies to every event, and would have cre-
ated a bias in relation to the other pillars. Therefore, it is im-
plicitly included in Pillar 1.

5.4 National discrepancies in prevention
The study highlights that risk reduction measures are not uni-
form across Alpine countries and reveals a geographical bias

towards France, Switzerland, and Italy. This heterogeneity
reflects significant differences in legislative, institutional, and
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cultural frameworks for risk management. International co-
operation and governance initiatives such as GAPHAZ exist
to try to bridge these differences (Allen et al., 2022).

In France, spatial planning relies on binding national regu-
lations, and scientific action plans are also defined at the na-
tional level. In Switzerland, management is largely devolved
to the cantons, encouraging locally adapted approaches but
potentially generating inequalities depending on available re-
sources. In Italy, administrative fragmentation and regional
disparities hinder the implementation of coherent policies at
the scale of catchments.

These governance differences affect both data compara-
bility and the ability to derive cross-cutting insights. More
broadly, they highlight the need for stronger transnational
Alpine governance. Given that hazards transcend political
borders, enhanced institutional coordination is essential for
effective and equitable risk prevention.

6 Conclusions and perspectives

This study moves beyond traditional approaches that focus
primarily on post-event causes or hazards characterization,
and instead examines management practices. While event in-
ventories inform on frequency, they rarely capture organi-
sational dynamics or adaptative capacities. Our analysis ad-
dresses these dimensions.

By analysing 200 events since the early 19th century
(some even earlier, though less frequent), we observe both
an intensification of events and a progressive formalisa-
tion of management practices, reflected in archival records.
The growing number of simultaneously mobilised pillars
in recent years indicates a shift from single-discipline ap-
proaches to multi-actor, multi-scale governance. Beyond in-
creased event reporting, this reflects the maturation of insti-
tutional Alpine risk management frameworks. Although all
high-altitude massifs are affected, our data highlights a con-
centration of major events in France and western Switzer-
land, particularly for glaciers, new lakes and permafrost-
affected/glacially de-buttressed rock faces. The complete-
ness of this long-term inventory remains constrained by
sources and perception biases.

Risk management has evolved in response to both ma-
jor events and improved process understanding. It contin-
ues to rapidly change far beyond historical and empiri-
cal antecedence. Forecasting, instrumentation, and moni-
toring of unstable zones have expanded, alongside contin-
gency planning and evacuation strategies. Measures to re-
duce exposure and vulnerability increasingly account for
evolving hazards and urbanisation pressures. Since the early
21st century, scientific initiatives aimed at anticipating high-
mountain mass movements that have multiplied. Knowledge
exchange across borders has intensified, supporting more in-
tegrated and holistic risk management approaches. Hazards
are now increasingly analysed as interconnected or cascad-
ing phenomena. As risk management grows more complex,
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the social sciences emerge as an indispensable complement
to natural sciences, bringing to the fore dimensions — com-
munity vulnerability, risk perception, territorial identity, in-
stitutional dynamics — that physical approaches alone cannot
capture.

Switzerland appears as a leading actor in the institutional-
isation of monitoring and hazard assessment, particularly for
glaciers and rock faces. Multidisciplinary collaboration and
international knowledge exchange are rapidly advancing.

Across many regions worldwide, glacial and permafrost
environments now differ markedly from the conditions un-
der which settlements and infrastructure developed. Histori-
cal and empirical knowledge alone is therefore insufficient to
anticipate future glacier- and permafrost-related risks. This
calls for integrated, forward-looking approaches, based on
continuous observation, repeated expert assessments, and
rapidly evolving technologies. Risk analysis must adopt a
systemic perspective, covering the full chain from hazard
sources to socio-economic impacts.
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